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We have recently shown that changes in tyrosine 
phosphorylation  of a 130-kDa protein(s) (pp130) may 
be  involved  in integrin signaling (Kornberg, L., Earp, 
H. S., Turner, C., Prokop, and Juliano, R. L. (1991) 
Proc. Natl. Acad. Sci. U. S, A.  88,  839243306). One 
component  of  the pp130 protein  complex  reacts with 
an antibody  generated  against  p126"k,  which is a focal 
contact-associated tyrosine kinase (Schaller, M.D., 
Borgman, C. A., Cobb, B. S., Vines, R. R., Reynolds, 
A. B., and  Parsons, J. T. (1992) Proc. Natl. Acad. Sci. 
U. S. A. 89, 5192-6196). Both  antibody-mediated  in- 
tegrin clustering  and  adhesion  of KB cells to fibronec- 
tin leads  to  increased tyrosine phosphorylation  of 
~ 1 2 6 " ~ .  The  phosphorylation  of ~125"'  is coincident 
with adhesion of cells to fibronectin and is maximal 
prior to cell spreading. Tyrosine phosphorylation of 
p12Sfak is induced  when KB cells are allowed to adhere 
to fibronectin,  collagen type IV,  or  laminin,  but is not 
induced  on  polylysine. When  KB cells are subjected  to 
indirect  immunofluorescence  microscopy, ~ 1 2 5 " ~  co- 
localizes with talin in focal  contacts.  These  data  pro- 
vide additional evidence that  tyrosine kinases are in- 
volved in  integrin signaling. 
Cell contacts with the extracellular matrix  are  important 
determinants of cell growth, differentiation, development, and 
tumorigenesis (1-4). These contacts are mediated in part 
through the integrin family of cell surface receptors. Integrins 
are heterodimeric glycoproteins consisting of a and /3 sub- 
units. Several (Y subunits  interact with the D l  subunit to form 
receptors for fibronectin, collagen, and laminin (5-8). Inte- 
grins  are  partially localized on the ventral surface of cultured 
cells in clusters called focal adhesions (9). The cytoplasmic 
tails of integrins interact with talin, a-actinin, tensin, and 
probably other  as yet to be discovered proteins to link  inte- 
grins with the actin-containing cytoskeleton (9, 10). Thus, 
integrins provide a bridge between the extracellular matrix 
and  the actin cytoskeleton. 
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Evidence from several laboratories suggest that integrins 
may transmit biochemical signals from the extracellular ma- 
trix to  the interior of the cell. Consistent with this notion are 
the observations that interactions of integrins with their 
protein ligands can modulate intracellular  pH (11, 121, acti- 
vation of T-lymphocytes (13, 14) and neutrophils (15), tu- 
morigenicity (16, 17),  and gene expression in fibroblasts (18) 
and monocytes (19-21). Our laboratory has recently reported 
that clustering of D l  integrins on human carcinoma cells with 
anti-integrin antibodies leads to enhanced phosphorylation 
on tyrosine residues of a complex of proteins with molecular 
weights of 113,000-130,000 (22). This observation has been 
confirmed by others who have shown that adhesion of 3T3 
fibroblasts and chicken embryo fibroblasts to fibronectin in- 
duces tyrosine phosphorylation of a 120-kDa protein (23) as 
well as  the focal adhesion-associated protein paxillin.' 
A 125-kDa focal adhesion-associated tyrosine kinase 
(~125'"') was recently described (24, 25). ~ 1 2 5 ' ' ~  was initially 
identified as being one of several proteins that were  highly 
phosphorylated in src-transformed chicken embryo fibro- 
blasts  (26). Subsequent cloning of this protein identified it as 
being a novel tyrosine kinase, which can localize in focal 
contacts (24). The murine version of ~ 1 2 5 ' " ~  was independ- 
ently cloned and also shown to localize to focal contacts (25). 
The present  data show that in human carcinoma cells, anti- 
body-mediated integrin  clustering or adhesion of cells to  the 
extracellular matrix stimulates tyrosine phosphorylation of 
~ 1 2 5 " ~ .  
EXPERIMENTAL PROCEDURES 
Materials-Human plasma fibronectin was prepared in our labo- 
ratory as described (27) or was purchased from Collaborative Re- 
search, as was the laminin (mouse EHS' tumor) and collagen type IV 
(mouse EHS tumor). The anti-phosphotyrosine antibody, PT66, was 
purchased from Sigma. '"I-Protein A (low specific activity) was 
obtained from Du Pont-New England Nuclear. The anti-pl25"' 
(mouse ascites, IgGl subclass) antibody was prepared in the labora- 
tory of Dr. J. T. Parsons. A control mouse IgGl antibody  (anti-birch 
pollen) was purchased from Janssen.  Anti-talin  (rabbit) was prepared 
and affinity-purified in the laboratory of Dr. K. Burridge (University 
of North Carolina, Chapel Hill, NC). The antibody against the 
chicken integrin /3l subunit (U9C3) was a gift from Dr. A. F. Horwitz 
(University of Illinois). Fluorescently labeled antibodies were pur- 
chased from Chemicon. Prestained molecular weight markers were 
obtained from GIBCO/BRL; the molecular weights as provided the 
manufacturer are indicated on the figures. 
Celt Culture-KB cells were cultured as described (22). Chicken 
embryo fibroblasts were a gift from Dr. L. Romer (University of 
North  Carolina), 
Preparation of Extracellular  Matrix  Protein-coated  Dishes-Sub- 
strata were prepared by allowing a 10 pg/ml solution of  fibronectin, 
laminin, collagen, or polylysine to absorb to 60 mm dishes at 4 "C 
overnight or at 37 "C for 12 h. The dishes were rinsed with phosphate- 
buffered saline prior to use. Glass coverslips were coated with 100  pg/ 
ml fibronectin. 
Preparation of Cell Extracts/Immunoprecipitation.-KB cells were 
dispersed using non-enzymatic cell dipersent (Sigma) and  then exten- 
sively washed in  RPMI 1640 containing 1% bovine serum albumin 
(Boehringer Mannheim).  Experiments were initiated by adding the 
cells (3 X IO6 cells) to 60-rnm tissue culture dishes coated with 
extracellular matrix proteins. Cells were incubated at 37 "C as for the 
' Burridge, K., Turner, C. E., and Romer, L. (1992) J. Cell Bwl. 
119, in press. 
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times indicated in the figure legends. Following the incubations the 
cells were washed with phosphate-buffered saline and  then lysed in 
400 pl of modified RIPA buffer (50 mM Hepes, pH 7.4,150 mM NaCI, 
1% Triton X-100, 0.5% sodium deoxycholate; 5 mM EDTA, 500 p~ 
Na:,VO,, 1 mM phenylmethylsulfonyl fluoride, 0.1% aprotinin, 10 mg/ 
ml p-nitrophenylphosphate). Integrin clustering experiments were 
performed as described (22). Protein was determined  using the Pierce 
bicinchonic acid assay. 
Cell lysates were precleared with protein  G-Sepharose  (Pharmacia 
LKB Biotechnology Inc.) prior to p125"' immunoprecipitations. Sam- 
ples were then centrifuged a t  10,000 X g for 10 min. The  amount of 
protein in the lysates was determined a t  this point. ~ 1 2 5 " ~  was 
immunoprecipitated from extracts containing  equal amounts of pro- 
tein. However, samples, from integrin-clustered cells were equalized 
based  on original cell number. Sample volumes were adjusted with 
modified RIPA so all sample volumes were identical (usually 300 pl) ,  
and anti-p125 was added so the final dilution was 1:75. The  extracts 
were incubated on ice for 1 h and  the immune complexes were then 
pelleted with protein G-Sepharose, which was presoaked in bovine 
serum albumin. The immune precipitates were then washed 3 times 
with modified RIPA and were stored at  -80 "C in SDS-polyacryl- 
amide gel electrophoresis sample buffer until electrophoresis. Control 
immunoprecipitations used an anti-birch pollen monoclonal antibody 
(mouse IgG1). 
Electrophoresis/ Western Bbts"p125"' immunoreactive material 
and equivalent amounts of protein derived from whole cell lysates 
were electrophoresed as described (22). The resolved proteins were 
electrophoretically transferred to nitrocellulose and  the phosphoty- 
rosine-containing  proteins were detected  using the anti-phosphoty- 
rosine antibody, PT66. This was a three-step procedure. 1) Blots were 
incubated for 3-4 h with 1:2500 dilution of PT66. 2) Blots were 
incubated for 1 h with 2 pg/ml affinity-purified rabbit anti-mouse 
IgG (Cappel). 3) Blots were incubated for 1 h with 2 pCi/lO ml Iz5I- 
protein A. Between steps, the blots were washed extensively with 
0.05% Tween 20,0.05% Nonidet  P-40  in  Tris-buffered  saline (10 mM 
Tris, pH 7.2,50 mM  NaCI,  0.1% sodium azide). The dryed blots were 
exposed a t  -70 "C to Kodak X-Omat film. Exposure times were 
generally 1-7 days. Specificity of PT66 for phosphotyrosine was 
assessed in  our laboratory. Incubation of the blots in presence of 1 
mM phenylphosphate almost completely abolished the signal, whereas 
1 mM phosphoserine did not markedly reduce the signal. 
Indirect Immunofluorescence Microscopy-Immunofluorescence 
microscopy was performed essentially as described (28). KB cells or 
chicken embryo fibroblasts were allowed to adhere to fibronectin- 
coated coverslips for 4-6 h. The fixed, permeabilized KB cells were 
stained with a  mixture of affinity-purified rabbit anti-talin (1:300) 
and mouse anti-pl25"' (1:lOO). The washed cells were then incubated 
with rhodamine-labeled goat anti-mouse IgG  (1:40)  followed  by fluo- 
rescein-labeled donkey anti-rabbit IgG  (1:80). The two second anti- 
bodies did not cross-react with each other  as evidenced by controls 
in which one primary antibody was omitted. The fixed, permeabilized 
chicken embryo fibroblasts were stained with anti-pl25"' (1:lOO) 
followed by rhodamine-labeled goat anti-mouse IgG  (1:40). Alterna- 
tively, the cells were stained with anti-chicken  integrin 81 subunit 
(U9C3 20 pg/ml) followed by rhodamine-labeled goat anti-rabbit IgG 
(1:40). The stained cells were  viewed under  a Zeiss Axiophot micro- 
scope and photographed using Kodak TMAX 400 film. 
RESULTS 
Integrin Clustering or Adhesion to Fibronectin Induces Ty- 
rosine  Phosphorylation of pl25"Previously, we had shown 
that antibody-mediated integrin clustering leads to enhanced 
phosphorylation of a complex of proteins with M, = 116,000- 
130,000 termed pp130 (Ref. 22 and Fig. LA). Attempts were 
made to immunoprecipitate this protein(s) with a monoclonal 
antibody directed against p125"k, a focal adhesion-associated 
tyrosine kinase (24). The human epidermoid carcinoma cell 
line  (KB cells) contains a protein that reacts with a mono- 
clonal antibody directed against chicken ~ 1 2 5 " ~  (Fig. LA). 
This protein has a mobility similar to that of the pp130 
complex. Like pp130, the tyrosine phosphorylation of ~ 1 2 5 " ~  
increases as a function of integrin-clustering time (Fig. LA, 
compare both panels). The time course of tyrosine phos- 
phorylation is not precisely the same in the lysates and 
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FIG. 1. Integrin clustering or adhesion to fibronectin in- 
duces tyrosine phosphorylation of ~125"~. A, adherent  KB cells 
were exposed to rat anti-& (lo) a t  4 "C, and then integrins were 
clustered with goat anti-rat IgG (2') at  37  "C for the indicated time 
(2' = min). p125'"' was immunoprecipitated as described under "Ex- 
perimental Procedures." Whole cell lysates (left panel) and  ~125"' 
immunoprecipitates (rightpanel) were electrophoresed, and phospho- 
tyrosyl-containing proteins were detected as described under "Exper- 
imental Procedures." The presence (+) or absence (-) of the cluster- 
ing  antibodies are  as indicated. B, KB cell proteins were metabolically 
radiolabeled with 35S-translabel. ~125'"' was immunoprecipitated 
from control cells (hne 1 )  and integrin-clustered cells ( l a n e  2). Lane 
3 shows a control immunoprecipitate from integrin-clustered cells 
using  anti-birch pollen IgG. The samples were electrophoresed, and 
the dried gel was subjected to fluorography. C, KB cells were  allowed 
to adhere to fibronectin-coated  plates for 90 min. Whole cell lysates 
from suspension cells (S), fibronectin-adhered cells (Fn),   and  ~125"'  
immunoprecipitates from suspension cells (S') and fibronectin-ad- 
hered cells (Fn') were subjected to phosphotyrosine  analysis as de- 
scribed under  "Experimental Procedures." 
immunoprecipitates; this may not be surprising, however, 
since the ~125 ' ' ~  seems to be only one component of the pp130 
complex. In order to determine if ~125"' is tyrosine-phos- 
phorylated in response to cell adhesion, KB cells were  allowed 
to adhere and spread on fibronectin-coated tissue culture 
dishes. As with integrin clustering, adhesion of cells to fibro- 
nectin induces tyrosine phosphorylation of a  protein which  is 
precipitated by anti-p125"k (Fig. 1C). Similar results were 
obtained with a rabbit polyclonal antibody generated against 
a trpE fusion protein consisting of the ~ 1 2 5 " ~  C-terminal 
domain? Tyrosine-phosphorylated ~ 1 2 5 " ~  was not detected 
in control immunoprecipitations using normal rabbit serum3 
or a subclass-matched mouse monoclonal directed against 
birch pollen (Fig. 2). Additionally, incubation of suspension 
KB cells with soluble fibronectin had no effect on tyrosine 
phosphorylation of ~125''~?  This indicates that  the signal 
leading to p125"' phosphorylation is only generated in the 
context of integrin clustering or immobilized fibronectin, and 
L. Kornberg, unpublished observations. 




FIG. 2. Time course of ~125"" phosphorylation. KB cells 
were allowed to adhere to fibronectin-coated plates for various times. 
~125"' was immunoprecipitated from KB cell lysates. Whole cell 
lysates (left panel) and p125"' immunoprecipitates (right panel) were 
subjected to phosphotyrosine analysis as described under "Experi- 
mental Procedures." A control immunoprecipitation using mouse 
anti-birch pollen IgG (9Oc') is as shown. Time of adhesion is shown 
in minutes. The intense  bands at  about 50 kDa in the immunoprecip- 
itates are likely due to '"I-protein A binding to  the heavy chain of 
IgG. The bands at  about 55-60 kDa in the lysates are constitutively 
tyrosine-phosphorylated cell proteins. 
that the fibronectin did not contain soluble contaminants 
capable of inducing ~ 1 2 5 " ~  phosphorylation. In addition to 
effects on p125fak, other changes in the  pattern of tyrosine- 
phosphorylated proteins were sometimes observed during cell 
adhesion and integrin clustering. These changes were,  how- 
ever, variable  from experiment to experiment, in contrast to 
~ 1 2 5 " ~  tyrosine phosphorylation, which  was consistently ob- 
served. Because the adhesion experiment was performed over 
90 min there was some concern that ~ 1 2 5 " ~  protein levels 
might change throughout the experiment. However, identical 
results were obtained in the presence of cycloheximide  which 
inhibits protein ~ynthesis.~ Moreover, similar amounts of 35S- 
~ 1 2 5 " ~  were immunoprecipitated from control cells and  inte- 
grin-clustered cells.  (Fig. 1B). 
Tyrosine Phosphorylation of p12Pk Is Coincident  with Cell 
Adhesion-KB cells were allowed to adhere to fibronectin- 
coated dishes, and tyrosine phosphorylation of ~ 1 2 5 " ~  was 
assessed as a function of time. ~ 1 2 5 " ~  from suspension cells 
seems to contain little phosphotyrosine (Fig. 2). However, the 
amount of tyrosine-phosphorylated p125"" increased as cells 
began to adhere to  the fibronectin-coated plates. After 20 min, 
most of the cells had adhered to  the fibronectin, but had not 
yet ~p read .~  At this time ~ 1 2 5 " ~  phosphorylation had reached 
maximal levels and seemed to plateau. Some  cell spreading 
was evident after 40 min, but it took 90 min for maximal 
spreading to occur? Therefore, tyrosine phosphorylation of 
p125fak was coincident with cell adhesion but occurred prior 
to  cell spreading (Fig.  2). 
Adhesion to Fibronectin, Laminin, and Collagen, but Not to 
Polylysine, Induces Tyrosine Phosphorylation of p12Pk-The 
specificity of ~ 1 2 5 " ~  phosphorylation was assessed by allowing 
cells to adhere to dishes coated with fibronectin, laminin, and 
collagen type IV, all of which are ligands for integrins (5, 6), 
or polylysine to which  cells can adhere in a nonspecific fashion 
(23,  27).  Collagen and laminin, like fibronectin, were able to 
induce ~ 1 2 5 " ~  phosphorylation (Fig. 3); however, adhesion to 
polylysine had no effect on the tyrosine phosphorylation of 
~ 1 2 5 " ~ .  
p12Pk Is Localized to KB Focal Contacts-In order to 
determine the localization of ~ 1 2 5 " ~  in transformed KB cells 
indirect immunofluorescence was performed. Because KB 
cells are transformed, they have  poorly defined focal contacts. 
Nevertheless, punctate ~ 1 2 5 " ~  staining was  observed at  the 
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FIG. 3. Adhesion to fibronectin, laminin, and collagen, but 
not polylysine, induces ~125'"" phosphorylation. KB cells were 
allowed to adhere to various substrata for 90 min. p125"' was im- 
munoprecipitated as described. Su, suspension cells; Fn, fibronectin- 
adhered cells; Cn, collagen-adhered cells, Ln, laminin-adhered cells, 
PL, polylysine-adhered cells. 
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FIG. 4. ~125"'  is localized to focal contacts. A, KB cells were 
dual-labeled with anti-~125'~'  and  anti-talin  as de cribed under "Ex- 
perimental Procedures." ~125"' staining (toppanel) and  talin  staining 
(bottom panel) of the same cells is shown. B, chicken embryo fibro- 
blasts were stained with anti-pl25'"' or anti-integrin Dl subunit 
antibodies. ~125"'  staining (top  twopanels) and  anti-integrin  staining 
(bottom panel) of different cells is shown. Since both the anti-integrin 
and anti-pl25"' antibodies were mouse monoclonals, it was not 
possible to perform dual fluorescence studies  on  a single cell. 
edges of about 50% of the cells  (Fig. 4A, top panel)?  In dual- 
labeled cells ~ 1 2 5 " ~  staining colocalized with staining for 
talin, a focal contact-associated protein (9) (compare Fig. 4A 
bottom panel). Cells stained with anti-phosphotyrosine 
showed a very similar staining  pattern? Diffuse ~125'~~/ ta l in  
staining was also observed. This diffuse staining was partic- 
ularly evident in the more rounded cells consistent with the 
lack of  well organized focal contacts in this transformed cell 
line. In order to confirm that  the ~ 1 2 5 " ~  antibody was staining 
focal contacts, the immunofluorescence experiments were re- 
peated in well spread chicken embryo fibroblasts. As expected, 
~ 1 2 5 " ~  staining was  localized to punctate  structures charac- 
teristic of focal adhesions (Fig. 4B, top two panels). This 
staining is very similar to  the  pattern obtained when cells 
23442 Integrin-mediated  Protein Phosphorylation 
where stained with an antibody directed against chicken 81 
integrins was used  (Fig. 4B, bottom panel). Again, the  pattern 
of antiphosphotyrosine staining was very similar to ~ 1 2 5 ~ " ~  
staining? 
DISCUSSION 
Previously, we had shown that integrin clustering leads to 
enhanced tyrosine phosphorylation of a complex of proteins 
termed pp130 (22). Here we identify one component of the 
pp130 protein complex as ~ 1 2 5 " ~ ,  a focal adhesion-associated 
tyrosine kinase (24, 25). ~ 1 2 5 ~ ~ ~  becomes phosphorylated on 
tyrosine in response to both antibody-mediated integrin clus- 
tering or adhesion of cells to  the extracellular matrix. These 
results are consistent with those of others. Activation of 
platelets leads to enhanced tyrosine phosphorylation of a 
number of proteins in platelets (29,30); one of these proteins 
has been recently identified as ~125'"~:  This suggests that 
tyrosine phosphorylation of the p125 kinase may  be a general 
mode of integrin-mediated signal transduction, because it is 
observed in two quite different cell types, platelets, and trans- 
formed KB cells.  Our results with cells plated on polylysine 
demonstrate that adhesion per se is not sufficient to induce 
tyrosine phosphorylation of ~ 1 2 5 ~ " ~ .  Instead ligation of inte- 
grins followed by formation of clusters of integrins seems 
required to induce ~ 1 2 5 ~ " ~  phosphorylation. This  is consistent 
with the observation that soluble fibronectin had  no effect on 
~ 1 2 5 ' " ~  phosphorylation, as well as our previously published 
observations on antibody-mediated integrin clustering (22). 
It was interesting to note that ~ 1 2 5 " ~  seemed to be tyrosine- 
phosphorylated to about the same degree in celIs  allowed to 
adhere to fibronectin, collagen type IV, or laminin. Currently, 
i t  is not clear which integrins mediate adhesion of KB cells 
to these proteins, since these cells express several potential 
receptors for each type of protein (22). Several integrins may 
share the ability to induce tyrosine phosphorylation of ~125'"~.  
Indeed, based on previous observations, we conclude that 
engagement of at least the (u3/pl integrin (22), the (u5/81 
integrin; and integrin IIb/IIIa4 can induce changes in tyrosine 
phosphorylation; thus multiple integrins seem to be able to 
transduce signals via tyrosine kinases. This raises the ques- 
tion of how integrin engagement leads to changes in ~125 ' "~  
phosphorylation, Integrins are clearly not kinases; moreover, 
we have not yet been able to demonstrate a direct physical 
association between integrins and ~125'*~? This suggests that 
an intermediate molecule(s) may  be  involved in the interac- 
tion of integrins and ~ 1 2 5 ~ " ~ .  Tyrosine phosphorylation of 
I. Lipfert, B. Haimovitch, M. D. Schaller, B. S. Cobb, J. T. 
' J .  S. Bauer, J. Varner, C. Schreiner, L. Kornberg, R. Nicholas, 
Parsons, and J. S. Brugge, submitted for publication. 
and R. L. Juliano,  submitted for publication. 
~ 1 2 5 " ~  seems to precede the onset of cell spreading; thus it is 
tempting to speculate that tyrosine phosphorylation of the 
~ 1 2 5 " ~  kinase may  be  involved in cell spreading. This might 
occur via SH2 domain-mediated interactions (31) with newly 
tyrosine-phosphorylated focal contact proteins, leading to  a 
nucleation of focal contacts, and  thus inducing cell spreading. 
However, at this juncture, the substrates for ~ 1 2 5 " ~  and  the 
role of this kinase in cell behavior remain to be  defined. 
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